ABSTRACT: Short-term, die1 and annual variations in sugar concentrations (hexoses and oligosaccharides) were determined in a shallow eutrophic lake (Lake Au. Switzerland) by high performance liquid chromatography-thermospray mass spectrometry (HPLC-TSMS), a technique previously not used for the quantitative determination of mono-and oligosaccharides in aquatic environments Concentrations of total hexoses and total disaccharides were extremely low in comparison to previous studies and showed little variations on an annual time scale with values < l to 48 nM (mean. 13 nlvl) and < l to 77 nM (mean: 9 nM), respectively. The low values can be attributed to the reliability of the mass spectrometn c method that used labelled internal standards, which were added immediately after sampling, and the use of hollow-fibre filtration to remove delicate organisms without damage from the soluble fraction. The low concentrations also indicate the existence of high affinity sugar uptake systems in aquatic microbial communities. Trisaccharide and tetrasaccharide concentrations were below the detection limit of 2 nM on most sampling dates. The total carbon content of the mono-and oligosaccharides represented 0.003 to 0.3 % of the dissolved organic carbon (DOC). We observed neither a trend in sugar concentration over the year, nor a dependence on phytoplankton density, but transient pulses of sugar concentrations occurred on an hourly time scale. suggesting a tight coupling between release and uptake of sugars. Average decrease rates of oligosaccharides (maltose, maltotnose, maltotetraose) that were added as substrates to in situ exposed 5 1 microcosms ranged between 27 and 50 nmol 1-' h-'. Both the high decrease rates and the absence of cleavage products in the course of the incubations support the assumption that uptake of intact oligosaccharides by microheterotrophs was responsible for the decrease in concentrations. Furthermore, the immediate decrease of the added maltooligosaccharides demonstrate that these sugars are frequently used substrates in lakewater. This could not be confirmed for 3-O-P-galactopyranosyl-D-arabinose, for which a decrease in concentration was only observed after 29 h. These experiments indicate that the sugar composition of oligosaccharides and their type of linkage are important features influencing their bioavailability to microheterotrophs.
INTRODUCTION
Despite the well-recognized importance of DCHO in the aquatic carbon food web, there is surprisingly little Dissolved carbohydrates (DCHO) are important carinformation about the in situ composition, concentrabon and energy sources for microheterotrophs in both tions and dynamics of the different fractions of the freshwater and marine ecosystems and contribute DCHO, such as the dissolved free carbohydrates essentially to the bacterial production (Jargensen & (DFCHO) and the dissolved combined carbohydrates Jensen 1994, Hanisch et al. 1996 , Rich et al. 1996 .
(DCCHO) that include oligo-and polysaccharides. The determination of DCHO by colorirnetric meth-'Present address: College of Marine Studies, University of ods provides no information on the molecular level and Delaware, Lewes, Delaware 19958, USA. is particularly sensitive to errors caused by the low E-mail: bmeon@udel.edu specificity, the different sensitivities for individual sug-ars (Stabel 1977a , de Haan & d e Boer 1979 , Senior & Chevolot 1991 and the possibility that bound or colloid-associated molecules that are not as easily available for microorganisms are also included (Gocke et al. 1981 , Carlson et al. 1985 . Gas chromatography (GC) (Stabel 1977b , Munster 1984 , Munster & Chr6st 1990 and the recently introduced high performance liquid chromatography with pulsed amperometric detection (HPLC-PAD) (Johnson & LaCourse 1990 , Mopper et a1 1992 , Jsrgensen & Jensen 1994 , Rich et al. 1996 , Borch & Kirchman 1997 allow the determination of both the individual sugars that comprise DFCHO and DCCHO after hydrolysis. Concentrations of individual free sugars measured by HPLC-PAD were typically reported to be 1 5 0 nM whereas concentrations measured by GC showed larger variations and, in the case of glucose, reached values of >2.5 pM (Miinster & Chr6st 1990) . This indicates that, in addition to different sampling locations, methodological differences may have influenced the values obtained. Few data are available on the occurrence and molecular composition of oligosaccharides in aquatic environments and even less on their utilization by microheterotrophic organisms although uptake of oligosaccharides up to a degree of polymerization of 5 (Strobe1 et al. 1995) or 7 (Ferenci 1980) have been reported for laboratory cultures of Clostridium thermocellum and Eschenchia coli, respectively. In water samples from the northern North Pacific and the Bering Sea the concentrations of total oligosaccharides (glucose equivalents) ranged from 36 to 61 nmol 1-' (Sakugawa & Handa 1985) , sucrose, trehalose, melibiose and 4 other tentatively characterized disaccharides consisting of hexoses being the dominant components. Sucrose was shown to be a component of the free sugars in the Biscayne Bay, Florida (Mopper et al. 1992) . According to the authors some unidentified peaks eluting near sucrose indicated the presence of additional di-and trisaccharides. A recent study by Aluwihare et al. (1997) showed that closely related acyl-oligosaccharides of biotic origin contributed up to 20% of total DOC in surface sea water. High concentrations of oligosaccharides in seawater sediments have been determined by electrospray mass spectrometry (Hulthe et al. 1997) . In lakewater melibiose, cellobiose and sucrose have been repeatedly identified in concentrations between 3 and 220 nM (Munster 1984 , J~r g e n s e n 1990, Jargensen & Jensen 1994), and maltose, maltotriose and maltotetraose have been determined as exudation products of phytoplankton in a eutrophic lake (Juttner & Matuschek 1978) . The lack of information on oligosaccharides is in contradiction to their importance as substrates for microheterotrophs.
In the present study we introduce thermospray mass spectrometry in combination with HPLC as a suitable method to determine quantitatively dissolved monoand oligosaccharides in lakewater. Using this technique we measured concentrations of mono-and oligosaccharides in a eutrophic lake throughout the year and determined the short-term variability of sugar concentrations. Care was taken to minimize the impact of the filtration process on the sugar concentrations of the filtrate by disintegration of cells. Hollow-fibres were a superior technique for this purpose. In situ experiments with oligosaccharides were used to learn about the so-far neglected degradation and uptake of oligosaccharides in lakewater.
MATERIALS AND METHODS
Study site. Lake Au (47" 15'N, 8"39'E, area: 45000 m2 ) is a shallow, polymictic eutrophic lake with a maximum depth of 4.2 m and is connected with Lake Zurich (Switzerland) through a 60 m long canal. During the sampling period the concentrations of inorganic phosphorus (soluble reactive phosphorus, SRP: <0.03 to 6.6 PM), NH,' (0.12 to 91 PM) and biomass related parameters (chl a: 3 to >300 pg I-'; particulate organic carbon, POC: 1.3 to 10.2 mg C 1-l; total phosphorus, TP: 1.4 to 17.5 PM) showed large variations with depth (Meon 1997) . The rapid and frequent change of these parameters is the result of inputs of nutrients from farmland (vineyards and pastures), mixing of nutrient-rich hypolimnetic water and epilimnetic water, and the resuspension of particles from the sediment caused by repeated wind-induced turnovers of the whole water body that occurred even in summer. Under stable weather conditions an anoxic hypolimnion was quickly established and hydrogen sulphide production was then observed below 2.5 m from May through October. The Secchi depths varied between 0.8 and 1.7 m.
Sampling procedure and separation of particulate natter. Water samples for the determination of dissolved sugars were collected at biweekly or monthly intervals between July 1994 and July 1995 from depths of 0.5 and 3.25 m of Lake Au using a battery-powered peristaltic pump (Portable Masterflex 7533-40, 12 V, 28 W) equipped with a short piece of silicon tubing for the head of the pump and a less extensible Tygon tubing that was submersed into the water. As described previously (Juttner et al. 1997 ), a hollow-fibre module (KrosF1.0~ I1 Modul K22M-100-OlN, 0.2 pm pore size, Microgon, Laguna Hills, CA, USA) was in line with this tubing and enabled the gentle separation of particulate and dissolved matter of the water within seconds after removal from its origin. Water samples were taken between 10:OO and 11:OO h to minimize die1 variations in the parameters that are effected by the daytime and to allow comparisons of the sugar concentrations between the different sampling days throughout the year. Immediately after filtration, a defined amount of '3~6-glucose (final concentration between 26 and 120 nM) was added as an internal standard to l . O l of the filtrate.
During field work and transport to the laboratory, the filtrate was stored in acid washed and prerinsed glass bottles (Duran, Schott) that were placed in an icecooled styrofoam box. In the laboratory the water samples were kept frozen in these bottles (-20°C) until further treatment.
A TOC analyzer (Shimadzu, model 5000) was used for DOC determination of filtered lakewater. Before injection the samples were acidified with 2 M HCl to pH 2. Injections (usually between 3 to 5) were repeated until the coefficient of variation (SE/mean) was <0.02.
To overcome experimental errors caused by patchiness of lakewater, a 110 1 glass cylinder (0.45 m i.d., 0.8 m height) with a valve at the bottom and an open top was exposed in situ. The vessel was filled with lakewater and stabilized by styrofoam buoys. To fill the glass vessel, the inlet valve at the bottom was opened and the vessel was snloothly pressed down into the lakewater. By this procedure after closing of the inlet valve the content of the vessel represented the upper 0.8 m water column of Lake Au. To obtain information on short-term variations and concentrations of monoand oligosaccharides, 1.0 1 water samples of this mesocosm were taken by the above described hollow-fibre filtration device between 10:30 and 13:OO h, initially in 15 min, later in 30 min time intervals.
In situ incubation experiments. From August through October 1995 incubation experiments in microcosms were performed to study the in situ decrease of different sugars in lakewater. Tedlar bags (5.0 1, Bohlender, Lauda, Germany) were filled with lakewater pumped from a depth of 1 m. Lakewater of the different Tedlar bags was supplemented with maltose (final concentration 2.75 PM), maltotriose (final concentration 1 and 1.3 pM, respectively), maltotetraose (final concentration 1.3 pM) and 3-0-P-galactopyranosyl-D-arabinose (GPA, final concentration 1.3 PM). The Tedlar bags were incubated at 1 m depths positioned horizontally on Plexiglas trays. Over a time period of 48 to 52 h, 150 m1 samples were taken out of the Tedlar bags with a plastic syringe and gently filtered through MediaKap-2 filters (0.2 pM pore size, Microgon), which had been flushed previously with deionised, UV-treated water. The first 50 m1 of the filtrate was discarded and the remaining 100 rnl was supplemented with internal standards (13C6-glucose and GPA) to give concentrations that were equimolar to those of the sugars added at the beginning of the incubation experiment.
Chlorophyll a and bacterial counts. On the boat, directly after removal from the Tedlar bags, 25 to 50 m1 samples of lakewater were filtered on GF6-filters (Schleicher & Schuell) with a Nalgene bottle top filter unit attached to a hand vacuum pump. The filters were then wrapped in aluminium foil and stored in liquid nitrogen. Pigments were extracted with acet o n e h a t e r (90/10; v/v) according to a procedure by Schanz (1982) and chlorophyll a was determined fluorometrically (Hitachi F-2000) using an excitation wavelength of 430 nm and an emission wavelength of 670 nm. Bacterial numbers were counted by epifluorescence microscopy of glutardialdehyde fixed samples (2 % final concentration) after 4 ' , 6-diamidino-2-phenylindole staining according to Giide et al. (1985) but using Anodisc 25 filters (0.2 pm pore size, Whatman). Higher cell counts were obtained with these filters than with polycarbonate membranes (Jones et al. 1989) . The coefficient of variation ranged between 0.08 and 0.24.
Analysis of sugars by liquid chromatography-thermospray mass spectrometry (LC-TSMS). The sugars of 500 to 1000 m1 filtered lakewater (50 to 100 m1 for incubation experiments) were concentrated by freeze drying (10-' mbar, plate heated at 30°C). To accelerate the time-consuming lyophilisation process, the samples were divided into several 150 m1 plastic beakers to increase the surface of the sample and decrease the sublimation time. The residues were transferred to a centrifuge tube. To avoid any loss caused by residues remaining on the walls and the bottom of the plastic beakers, these were washed with 4 m1 deionised UVtreated water. This water was added to the freeze dried residue in the centrifuge tube for extraction of the soluble sugar fraction. To improve the dissolution of the concentrated substances, the centrifuge tube was sonicated for 2 s and vortexed for 2 min. After centrifugation for 5 min (2700 x g) the aqueous supernatants were evaporated in reaction vials (1 m1 conic ampoules) at 40°C using a SpeedVac vacuum concentrator. For acetylation of the residues, 100 to 250 p1 acetic anhydride and an equal volume of pyridine were added. After addition of the reagents, the vials were flushed with nitrogen, sealed with Teflon lined rubber discs and incubated overnight at ambient temperature. Evaporation of the derivation reagents was performed in a nitrogen gas stream. The acetylated sugars were extracted 3 times each with 500 p1 CH2C12. The combined CH2C12 extracts evaporated with a nitrogen gas stream were stored in a freezer until analysis that was performed within a few days.
Analysis of the acetylated sugars (except incubation experiments with maltotetraose and GPA) was carried out using liquid chromatography in combination with a thermospray mass spectrometer (VT 201, Vestec corporation, USA) as detection system. A C18-reversed phase column (Spherisorb ODS, 250 X 4.6 mm, 5 pm, 14 nM, respectively ammonium acetate/0.05 M aqueous ammonium acetate (70/30; v/v) within 13 min and subsequent isocratic separation for 20 min. The flow rate was 1 m1 min-l. The application of the described gradient program allowed the separation of mono-to hexasaccharide fractions since isomers and anomers coeluted. Online detection of the separated sugars by the mass spectrometer was done in the multiple ion selection (MIS) mode recording the positive masses for acetylated mono-and oligosaccharides as listed in Table 1 . Standard parameters during mass acquisition were as follows: block temperature, 300°C; tip heater temperature, 300°C; vaporizer, 150 to 170°C; filament, 100 pA.
The upper mass detection limit (m/z 2000) theoretically allowed the analysis of oligosaccharides up to a polymerization degree of 6. Areas of the ions m/z 337 and m/z 414 of the internal standard ('3C6-glucose) were used as the basis for quantitative hexose analysis. The lower sensitivity of the mass acquisition system for oligosaccharides as compared to the 13C6-glucose was corrected by response factors, determined by the analysis of equimolar amounts of acetylated mono-and oligosaccharide standards. Extracted ion chromatograms of a lakewater sample as used for quantitative analysis are given in Fig. 1 . The linearity of the detector response was tested over 2 orders of magnitude with underivatized glucose (1.7 to 170 nmol) using 55 nmol 13C6-glucose as internal standard (r2 = 0.996, coefficient of variation between 0.01 and 0.015). The detection limit was approximately 1 nM for aldo-/ketohexoses and disaccharides and 2 nM for tri-and tetrasaccharides when 500 to 1000 m1 of lakewater was concentrated. When the sample was reduced to 50 to 100 ml, the detection limit was between 10 to 20 nM. Sugar analysis by electrospray mass spectrometry (ESMS). Samples of the incubation experiments with CPA and maltotetraose were analysed by ESMS without previous separation using an electrospray source of the same mass spectrometer. The equipment was developed and described by Allen & Vestal (1992) . A syringe infusion pump (model 341B, Sage Instruments, Boston, USA), equipped with a gas-tight 250 p1 syringe (Hamilton, Reno, USA) delivered a continuous, pulseless solvent flow (methano1/0.005 M aqueous NaOAc [90/10; v/v]; 5 p1 min-l). 50 to 70 p1 of methanol/ 0.005 M aqueous NaOAc (90/10; v/v) was added to the evaporated CHzClz extracts of the acetylated sugars, and 25 p1 was injected on a 20 p1 loop. Typical parameters during mass acquisition were as follows: nozzle, 100 V; needle, 1.7 to 1.8 kV; block, 240°C; chamber, 55°C; repeller, 29 V. For quantification, the sodium adduct ions of the acetylated sugars (see Table l ) were averaged over a scan period of 1 to 2 rnin and peak heights relative to the internal standards were used to calculate the sugar concentrations.
The advantages of ESMS are that signals can be averaged over a relatively long time period due to the low flow rates and that a preseparation of the sugars by a HPLC column is not necessary. An increase in sensitivity as compared to thermospray mass spectrometry was not found and the maintenance of suitable spray conditions turned out to be very difficult mainly because some internal parts of the electrospray source were soon contaminated after application of lakewater samples.
RESULTS
Annual, die1 and short-term dynamics of in situ sugar concentrations in Lake Au
Concentrations of aldo-/ketohexoses and oligosaccharides in Lake Au for the period between July 1994 and July 1995 are presented in and disaccharides with concentrations between < l and 77 nM (mean: 9 nM) represented the dominant sugar fractions at 2 depths (0.5 and 3.25 m). Tri-and tetrasaccharides were below the detection limit of 2 nM on most sampling dates. Penta-and hexasaccharides were not detected in a single case. The total of monoand oligosaccharides at different sampling dates was typically below 30 nM. A maximum value (85 nM) was observed on 27 June 1995 at 0.5 m depth. On several sampling dates, the concentration of disaccharides exceeded the concentration of aldo-/ketohexoses, i.e. on 27 June 1995 (0.5 m depth, 69 nM) and on 21 July 1994 (3.25 m depth, 15 nM). The total carbon content of the detected mono-and oligosaccharides on the different sampling days represented 0.003 to 0.3 % of the DOC. On 22 April 1994 the die1 variation of the concentrations of monosaccharides, disaccharides and trisaccharides was analysed. During the 12 h sampling period marked concentration differences were observed (Fig. 3) . Most concentrations were below the detection limit. Interestingly, transient pulses of sugar concentrations occurred, such as the increase of the disaccharide fraction from 2 nM (16:OO h) to 67 nM (18:OO h) and a subsequent decrease to < l nM at 20:OO h. A corresponding increase of aldo-/ketohexoses between 18:OO and 20:OO h was not observed.
To rule out patchy distribution of sugars in the lake caused by water currents or drift of the boat during the sampling period, which might actually be the reason for concentration pulses, lakewater enclosed in a 110 1 drifting mesocosm was sampled at short intervals over a time period of 2.5 h on 4 April 1995 (Fig. 4.) . The sugar concentrations were very low, exhibiting values below 17 nM. The concentrations of the aldo-Iketohexoses changed within the sampling period to the same extent as observed in free lakewater.
Incubation experiments
Experiments in which the uptake/degradation of oligosaccharides was studied were performed in Tedlar bags which were supplied with different sugar concentrations. The dynamics of sugar concentrations and bacterial numbers during the incubation period are shown for rnaltose in Fig. 5 , for maltotriose in Fig. 6 , for maltotetraose and GPA in Fig. 7 . With the exception of GPA, the concentrations of the added sugars (which included the regenerated sugars) after an incubation period of 48 to 52 h were <l50 nM, often even close to or below the detection limit of 10 to 20 nM. Concentrations decreased immediately after the start of the incubation experiments. The shapes of the curves show an almost linear (e.g. maltotriose, Fig. 6 , r2 = 0.899 and 0.806, and maltotetraose, Fig. 7 , r2 = 0.992) or an exponential decline (e.g. maltose, Fig. 5 , r2 = 0.959). Light and dark periods during the experiments had no significant influence on the uptake rates. Average decrease rates, based on the concentration at the start and at the end of an incubation experiment and assuming a linear decrease were 46 and 50 nmol I-' h-' (6.6 and 7.2 pg C 1-' h") for maltose, 30 and 27 nmol 1-' h-' (6.5 and 5.9 pg C 1-' h-') for maltotriose and 28 nmol 1-1 h-' (8.0 pg C 1-' h-') for maltotetraose. In contrast the concentration of GPA after 48 h (908 nM) still represented a significant portion (69.8%) of the 1300 nM added at the beginning of the experiment. Furthermore, for this compound an induction period of at least 29 h was necessary before a decrease was detectable. The average decrease rate for GPA was 8.2 nmol 1-' h-'
(1.1 pg c 1-' h-l).
The decrease of sugars in the Tedlar bags was not accompanied by a significant increase in bacterial numbers. Only in the experiment in which maltotetraose was added (Fig. ? ), did bacterial numbers increase significantly (t-test, p < 0.001) from 1.4 X 107 to 2.4 X 107 cells ml-'. The sedunentation rate of the particulate matter in the Tedlar bags within an incubation period was rather low. After 48 h almost 50% of the chlorophyll a bound in particles was still suspended (Fig. 6) . In contrast to glass vessels the deformable bags facilitate mixing conditions and thus allow particles to remain much longer in suspension.
DISCUSSION

Identification and quantification of dissolved sugars in lakewater by LC-TSMS and ESMS
Reversed phase HPLC has been demonstrated as a suitable separation technique for acetylated monoand oligosaccharides (Wells & Lester 1979) . Information in addition to retention times has become available by hyphenated HPLC systems. Thermospray mass spectrometry (Vestal 1984 Sugars were added to give the final concentration of 1.3 FM. Black bars at the top indicate dark periods, error bars indicate t 1 SD mono-and oligosaccharides in combination with reversed phase and high performance anion exchange chromatography (Simpson et al. 1990 , Niessen et al. 1992a , 1992b , Van der Hoeven et al. 1992 ). These authors used commercially available sugars or enzyme digests of cell wall components which are available in large amounts. However, the analysis of sugars in lakewater is far more difficult and challenging because both the low concentrations and the complexity of compounds have to be overcome. To our knowledge the present study is the first to use LC-TSMS to identify and quantify mono-and oligosaccharides in lakewater.
T i e application of mass spectrometry as a deteciion system makes the qualitative and quantitative analysis of sugars in the most complex water samples much more reliable than retention-time-based GC and HPLC methods and in particular as compared to colorimetric assays. Non-carbohydrate compounds that are always present in the samples obtained from water are not very likely to interfere with ions for sugars. In addition, the application of a stable isotope-labelled sugar, added immediately after sampling, compensated for any loss of compound during sample preparations and fluctuations and sensitivity drift of analytic equipment during analyses over long periods. This technique also offers alternatives to the environmentally more critical application of radioactive tracers. The major drawback of the method that restricted the sample number turned out to be the concentration step necessary to reach the detection limit of the thermospray mass spectrometer.
Lyophilisation, the concentration procedure used in this study, is generally believed to be gentle and to deliver high recovery rates (Abbt-Braun et al. 1991) . However, recovery experiments conducted with 13C6-glucose added to filtered lakewater and UV-treated deionised water showed significant losses up to 70 %. Another negative effect was caused by the matrix of the non-carbohydrates in the samples which resulted in a further decrease of sensitivity of about 20% (data not shown). Losses of dissolved sugars by freeze drying have been reported before by several authors (Mopper 1977 , Dawson & Mopper 1978 , Pakulski & Benner 1992 while Jargensen (1990) observed no losses.
Concentrations and dynamics of mono-and oligosaccharides in Lake Au
The concentrations of monosaccharides in Lake Au were typically in the lower nanomolar range or below the detection limit of 1 nM and are significantly lower than most published data (see Table 2 ). The comparison of analyses reported in the literature is difficult, in some cases impossible, because the applied technology has a major impact on the composition of the sugar species which are considered to compose the DFCHO fraction. In some cases pentoses (i.e. Munster 1984 , Jnrrgensen & Jensen 1994 , deoxipentoses, deoxihexoses (Gremm & Kaplan 1997) and disaccharides (Jsrgensen & Jensen 1994) are included, in other studies these are missing. As a consensus group glucose, galactose, mannose and fructose can be taken, which frequently have been reported as major components of DFCHO in freshwater and sea water (Sakugawa & Handa 1985 , Jerrgensen 1990 , Jsrgensen & Jensen 1994 , Rich et al. 1996 and which were also analysed by LC-TSMS in this study. Taking these differences into account, the concentration ranges observed in Lake Au are still at the lower edge of the reported measurements. This is also true for the total carbon content of the detected sugars that accou.nted only for 0.003 to 0.3 % of the DOC in Lake Au, whereas in other studies DFCHO contributed from 0.08 to 13.2 % to the DOC (Burney & Sieburth 1977 , Mopper 1977 , Burney et al. 1979 , Munster & Albrecht 1994 .
The major source of error leading to an overestimation of DFCHO in lakewater is the disintegration of delicate cells and breakage of filaments during the filtration process that is necessary to separate the Rich et al. (1996) "Only glucose. bGlucose and fructose. CDissolved monosaccharides (pentoses included) d~issolved neutral monosaccharides. eDissolved hexoses dissolved from the particulate fraction. Phytoplankton organisms store appreciable amounts of free sugars and the release of these intracellular sugars can be sufficient to essentially increase the sugar concentrations in the aqueous phase. Fuhrman & Bell (1985) discussed the same kind of artifacts in the analysis of dissolved free amino acids (DFAA) caused by the use of unsuitable filters. Similar doubts were expressed by Rch et al. (1996) for neutral monosaccharides based on the observation that even gentle syringe filtration of small volumes of sea water increased the glucose concentrations by a factor of 9. Lakewater with high phytoplankton densities as analysed in the present study is particularly sensitive to filtration errors. Just a few milliliters of such lakewater is sufficient to clog a filter and to induce leakage of delicate organisms. We took particular care to rule out filtration artifacts by introducing tangential flow filtration with hollow fibres and by applying a quasi in situ separation of the DFCHO within a few seconds after removal of the water from its original location by a tube pumping device (Jiittner et al. 1997 ). This separation technique in combination with the selective mass spectrometric detection can explain the low concentrations of DFCHO determined in water from Lake Au. Therefore, it is not surprising that marked increases of sugar concentrations that have been reported when phytoplankton blooms had developed or decayed (Stabel 1977b , Ittekkot et al. 1981 , Chrost et al. 1989 were not observed in Lake Au. The sugar concentrations were low, independently of whether high or low phytoplankton densities (chlorophyll a concentrations up to 320 pg I-' and Secchi depths as low as 0.8 m) were present during the seasonal succession of phytoplankton. When the sugar concentrations obtained under these circumstances belong to the lowest reported, the common view that concentrations of DFCHO increase with the trophic level of an aquatic ecosystem should be regarded with caution. On a diurnal time scale (4 h sampling intervals), Miinster & Chrost (1990) reported marked differences in the DFCHO concentrations between day and night time in Lake PluI3see. Maximum concentrations of DFCHO were observed 2 to 4 h after the maximum of photosynthesis of the phytoplankton, and exudation was assumed to be the major source of DFCHO. In a 24 h study conducted at Lake Fureser (Denmark), Jsrgensen & Jensen (1994) did not find any trends in the concentration changes of DFCHO (3 h sampling intervals). In the present study (2 h sampling intervals) the diel concentration changes of hexoses, disaccharides and trisaccharides also showed no trends but several concentration maxima occurred that reflect the high dynamics in this system. DFCHO were rapidly taken up by microorganisms resulting in a drop of the ambient sugar concentrations to below the detection limit. Initially patchy distribution of sugars in lakewater were made responsible for these fast changes during the sampling period. However, lakewater enclosed in a floating 110 l glass vessel (15 to 30 min sampling intervals) showed differences in the concentrations of mono-, di-and trisaccharides that were in the same range as in free lakewater. This observation makes patchiness as an exclusive explanation for the concentration pulses less likely. Furthermore, as the mesocosm experiment indicates, sampling intervals in the range of hours may not be sufficient to gain a satisfying temporal resolution of the concentration changes.
The diel and annual concentration changes of monoand oligosaccharides are governed by release and uptake rates for the particular compounds. The extremely low sugar concentrations found in Lake Au demonstrate the ability of microorganisms to use sugars efficiently in concentrations even lower than the detection limit for hexoses and oligosaccharides of 1 and 2 nM, respectively. One of the best known high affinity uptake permeases is the phosphoenolpyruvate: phosphotransferase system (PTS) (Meadow et al. 1990 ). According to Lengeler (1993) the PTS and bacterial binding protein dependent systems exhibit K, values between 0.1 and 10 pM. These affinities are still too low to explain efficient uptake rates of sugars in Lake Au. Unfortunately most studies on the kinetics of uptake systems were performed with laboratory organisms that are not representative for aquatic micro-organisms and the high substrate concentrations applied do not reflect the in situ conditions in lakes.
The kinetic approach by Azam & Hodson (1981) using marine microbial assemblages revealed the existence of multiphasic uptake rates for glucose with K, + S, values between 5 X lO-' and 5.9 X 10-4. In a subsequent study, Nissen et al. (1984) demonstrated with a marine oligocarbophilic bacterium that a strain can show multiphasic uptake kinetics with K, values for glucose from the nanomolar to the millimolar range. The aspect of multi-compound uptake has recently been studied by Egli et al. (1993) and Lendenmann et al. (1996) . These authors demonstrated that the simultaneous utilization of different hexoses and pentoses lowered the residual concentrations of the individual sugars beyond the residual concentration of sugars added singly to the growth medium. The described uptake strategy for mixed sugars and the presence of multiphasic transport and uptake systems in the bacterial community of Lake Au may be important factors explaining both the low sugar concentrations and the fast decrease of transient sugar concentration peaks.
In situ decrease of added oligosaccharides in
Lake Au
The addition of different oligosaccharides to in situ exposed Tedlar bags filled with lakewater was used as an experimental approach to gain information about the fate (uptake and/or enzymatic cleavage) of oligosaccharides in Lake Au. Although the concentrations of the added sugars (1.3 to 2.75 pM) exceeded the measured in situ concentrations in Lake Au by 2 orders of magnitude, they are well below or within TDCHO or DCCHO concentrations reported for aquatic environments (Munster & Chrost 1990 , Jsrgensen & Jensen 1994 , Munster & Albrecht 1994 , Hanisch et al. 1996 , Borch & Kirchman 1997 . Enhanced sugar concentrations are likely to occur in microenvironments, e.g. close to lysing cells or in detritus particles, macroaggregates and fecal pellets. Therefore, the added sugars may simulate sugar pulses which have been observed in Lake Au and to which microorganisms are accidentally exposed. Uptake of the unchanged molecules rather than cleavage by a-glucosidases may account for the decrease of maltose, maltotriose and maltotetraose. One argument for such behavior is that total a-glucosidase activities in aquatic environments are usually below 10 nmol I-' h-' , Vrha et al. 1992 , Karner & Rassoulzadegan 1995 . In Lake Au the ectoenzymatic a-glucosidase activity reached 16.8 nmol 1-' h-' (data not shown). The real cleavage rates must be regarded as being much lower because these activity measurements are based on saturating substrate concentrations of up to 200 pM. The data show that the activities of the ectoenzyrns are not sufficient to explain the average decrease rates of 27 to 50 nmol 1-' h-' for malto-oligosaccharides observed in the water of Lake Au. In addition, cleavage products, such as glucose were not detected in the analysed lakewater samples. This was also true for the mea-sured die1 dynamics of sugars in Lake Au, where a decrease of maltotriose and maltotetraose concentrations was never accompanied by a corresponding increase of hexoses or disaccharides. Both observations are in agreement with experiments conducted by Arnosti & Repeta (1994) in which bacteria from anoxic marine sediments were grown on oligosaccharides (among others maltose, maltotriose, maltopentaose, maltoheptaose). Although the sugar concentrations were several hundred-fold higher than in the present study, cleavage products were not found during the course of degradation of 2 to 4 d. Another argument is based on the energetic advantage which an uptake of intact oligosaccharides provides in comparison to an extracellular or ectoenzymatic cleavage. An essential requirement for uptake of oligosaccharides by Gramnegative bacteria-which are the dominating group of pelagic bacteria-is the effective passage through the outer membrane into the periplasmic space. With E. col1 accessibility of the periplasmic space for maltodextrins up to a molecular weight of 2500 is enabled by the lamB glycoporine (Ferenci 1980) which has a sugar binding site and is induced in the presence of maltodextrins as well as under nutrient deprivation (Kurlandzka et al. 1991 , Death et al. 1993 . In contrast to permeation across the outer membrane, transport of sugars into the cytoplasm is restricted to maltosaccharides up to maltoheptaose (Ferenci 1980) . The transport of sugars against a concentration gradient into the cell is an energy consuming process. Muir et al. (1985) impressively showed that uptake of intact oligosaccharides into the cell is energetically more efficient with respect to transport and phosphorylation than external cleavage of the oligosaccharides and the subsequent uptake of the monomeric compounds. Since organic carbon alone or in combination with inorganic nutrients often limits growth of microheterotrophs (Coveney & Wetzel 1992 , Schweitzer & Simon 1995 , Shiah & Ducklow 1995 , it is likely that economy of transport is a key factor in respect to growth efficiency and competition. The immediate decrease of maltose, maltotriose and maltotetraose without a lag phase in the incubation experiments of Lake Au indicates the presence of derepressed transporthptake systems for oligosaccharides in the bacterial community and characterises oligosaccharides as common substrates of aquatic bacteria. Uptake of the added sugars, with the exception of maltotetraose, was not reflected in an increase of bacterial numbers. When a carbon content of 15 fg C cell-' for pelagic bacteria is assumed, as has been determined for bacteria as in the adjacent Lake Zurich (Button et al. 1996) , the complete conversion of the added maltooligosaccharides (216 to 396 pg C) into bacterial biomass would support a 2.2-to 3.4-fold increase in bacterial counts.
In contrast to the maltooligosaccharides, GPA did not show an immediate and continuous decrease in concentration. A time period of at least 29 h was necessary to induce a significant drop in concentration. Similar observations have been made by Arnosti & Repeta (1994) in model systems with anaerobic marine bacteria. These experiments and the present study indicate that disaccharides consisting of a pentose and hexose moiety in combination with a P-(1,3)-glycosidic linkage do not exhibit very common and suitable substrate features for aquatic bacteria. In contrast to di-, tri-and tetrasaccharides consisting of hexoses, the presence of GPA-type disaccharides in the water of Lake Au was never verified with our mass selective detection system (data not shown).
The average decrease rates of the oligosaccharides in Lake Au have to be considered as conservative since there may be a steady input of oligosaccharides during the incubation period caused by phytoplankton exudation products and cleavage of DCCHO. The rates are within the reported uptake rates for glucose ( < l to >l00 nmol 1-' h-') for freshwater environments (Overbeck 1979 , Chr6st et al. 1989 , Jsrgensen 1990 , Miinster & Chrost 1990 , Jnrgensen & Jensen 1994) as determined by '4C-glucose uptake. In experiments by Hanisch et al. (1996) with 1 pm filtered lakewater from the mesotrophic Lake Constance, the decrease rates of TDCHO varied between 6.5 and 47.6 nmol I-' h-' (glucose equivalents) and occasionally supplied the complete C requirements of the planktonic bacteria. Since the TDCHO pool is dominated by polymers which are not readily utilizable without previous cleavage, oligosaccharides as cleavage products might have served as substrates in addition to monosaccharides. Therefore, as indicated by the present study, dissolved oligosaccharides may play an important role as energy sources and should not be neglected in the investigation of carbon and energy sources for rnicroheterotrophs.
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